Introduction
This chapter will introduce the dynamic vehicle routing problem for relief logistics in natural disasters such as earthquakes or typhoons. Natural disasters often cause huge fatalities and property damages. It is apparent that the coordinated and orderly delivery/pickup of available resources helps to mitigate property damages and save lives. Without performing quick and appropriate disaster relief logistics, the losses could be worsened. These relief resources, including food, water, medicine, and other equipment, may be misplaced at first due to the chaos and need to be rearranged in later time, according to the latest situation. Disaster relief logistics using the vehicle routing approach has not attracted much attention and, hence, literature on this topic is relatively rare. Barbarosoglu et al. (2002) present a mathematical model for helicopter mission planning during a disaster relief operation. The decisions inherent in the problem decompose hierarchically into two sub-problems where tactical decisions are made at the top level, and the operation routing and loading decisions are made at the based level. Consistency between the decomposed problems is achieved with an iterative coordination procedure, which transfers anticipated information for the base level to improve the top-level decisions. The existence of conflicting objectives in this hierarchical structure requires the development of a multi-criteria analysis, and an iterative procedure is designed with top-level decision makers to assess the preference of alternative non-dominated solutions. Mohaymany et al. (2003) propose a method to obtain the "emergency paths" that is based on two "life loss mitigation criteria". One is minimization of travel time between rescue and relief centers and the help-needing population, and the other is maximization of rescue and relief forces' service capability to all help-needing population. The main elements considered in the process of emergency paths selection include the highly populated areas and vulnerable and hazardous areas on the one hand, and rescue and relief centers on the other. The proposed path selection process is performed by using some developed computer programs in the GIS environment. Özdamar et al. (2004) offer a planning model that is to be integrated into a natural disaster logistic decision support system. The model addresses the dynamic time-dependent transportation problem that needs to be solved repetitively at a given time interval during ongoing aid delivery. The model regenerates plans incorporating new requests for aid 72 materials, new supplies, and transportation means that become available during the current planning time horizon. The plan indicates the optimal mixed pickup and delivery schedules for vehicles within the considered planning time horizon, as well as the optimal quantities and types of loads picked up and delivered on these routes. Thomas and White (2004) analyze the problem of constructing a minimum expected total cost route from an origin to a destination that anticipates and responds to service requests if they occur while the vehicle is en route. This problem is modeled as a Markov decision process and several structured results associate with the optimal expected cost-to-go function and an optimal policy for route construction are presented. Pettit and Beresford (2005) present research that proposes a refined model for logistics requirements in emergency conditions, taking account of existing response models, both military and non-military. The composite model appears to be robust and workable in a range of geopolitical and operational circumstances. Yi and Özdamar (2007) describes an integrated location-distribution model for coordinating logistics support and evacuation operations in disaster response activities. The logistics planning considered involves dispatching commodities (e.g., medical materials and personnel, specialized rescue equipment and rescue teams, food, etc.) to distribution centers in affected areas and evacuation and transfer of wounded people to emergency units. The proposed model is a mixed integer multi-commodity network flow model that treats vehicles as integer commodity flows rather than binary variables. Gong et al. (2007) consider ambulance allocation and reallocation models for a post-disaster relief operation. They formulate a deterministic model that depicts how a casualty cluster grows after a disaster strikes and consider the objective of minimizing the makespan to determine allocation and reallocation of ambulances. A real-time time-dependent vehicle routing problem with time windows has been formulated as a series of mixed integer programming models (Chen et al., 2005) , which provides some basic knowledge of this chapter. A clear definition of "critical node" is proposed, which defines the scope of the remaining problem along the time-rolling horizon. The concept of critical nodes distinguishes the real-time vehicle routing problem with time windows (VRPTW) from the traditional VRPTW to a high degree. A heuristic comprising route construction and route improvement is proposed. Following the same line, Chang et al. (2003) further extended an earlier version of their work to accounts for simultaneous delivery/pickup demands while neglecting time-dependent assumption of travel times. In summary, in the disaster relief operations, the logistic coordinator may not be aware of all information for route scheduling at the time when the routing process begins. Dynamic information, including delivery/pickup demands and travel times, may change after the initial routes have been constructed, and such kinds of information are known only in a realtime manner. When a new demand appears, the main task of the logistics coordination center is to include the new demand into the current routing schedule. In addition, if travel times have changed due to an unexpected incident, in order to fulfill time window constraints and achieve a lower cost objective, scheduled routes must be re-scheduled based on the positions of the vehicles. The logistics coordination center needs an answer urgently in order to respond in real time to both the real-time demands and travel times.
Model formulation for disaster relief operations
In this chapter, the dynamic vehicle routing problem for relief logistics in natural disasters (DVRP-RL) is described as follows. The demands for relief goods, including delivery or pickup, may vary in real time and are probably unpredictable. The change of travel times may be predictable (e.g., recovery of a road, regulation of traffic, or recurrent traffic) or unpredictable, such as traffic incidents. The predictable travel time can be described as a function of "time of day" and the pattern of this function may change due to unpredictable incidents. At each demand site (or "node" in the following), several kinds of relief goods with different levels of emergency and deadlines are required and both delivery and pickup operations may be needed simultaneously. The excess relief goods or rescue equipment picked up at one site may be reused in any of the following sites of the same tour. For a quick response to future demands, a dispatched vehicle may not have to return to the depot unless it needs to be refilled with relief goods. It may wait at their last stop until they receive the next order from the logistics coordination center. In order to capture the dynamic characteristics of the DVRP-RL, we adopt the concept in Chen et al. (2005) and formulate the DVRP-RL as a series of mixed integer programming models in the rolling time horizon. Each model represents a special VRPTW at a particular instant when travel times or demands have changed. Once a new demand appears or the travel time changes, the domain of the remaining problem should be redefined and the problem needs to be solved again. The concept of "critical node" is adopted to delineate the scope of the remaining problem along the rolling time horizon. A vehicle may depart from either the depot or the critical node and visit other unserviced nodes afterward. The goal of the model at any particular time instant τ is to find a set of minimum cost vehicle routes, which originate from the critical nodes or the depot,
, and visit all other unserviced nodes,
Figure 1 illustrates where the critical nodes is located. A critical node is defined as a node that is currently being serviced or to which a vehicle is heading. Once a vehicle has left a serviced node, the node will be removed from the planned route thereafter. Only unserviced nodes will be considered in the scheduled vehicle routes. Therefore, the critical node plays an important role in distinguishing between serviced nodes and unserviced nodes. Critical nodes need to be identified instantly when a real-time demand or travel time has changed so that the route can be reconstructed. the submodel of DVRP-RL at this instant τ needs to be solved for an initial solution within a small computation time, which is very close to zero and will be neglected in the following.
The submodel of DVRP-RL at time τ , denoted as VRP-RL, can be formulated as a mixed integer model, as follows:
where Ω is the feasible region represented by the following constraints. 
Vehicle capacity constraints:
Definitional constraints:
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The objective of the VRP-RL, shown in Eq. (1) d =∞, referring to infinity. This logical expression is meant that vehicle k can stay at the last node i until the next order from the logistics coordination center has been received. For those vehicles that have to return to the depot to refill, pickup demands at the depot will be virtually created for them. Eq. (13) defines the departure time at the depot. Eq. (14) states for unserviced node i t h a t i f v e h i c l e k is heading to node j, then the remaining load of commodity m of vehicle k at node j will be equal to the updated load of commodity m minus the delivery and plus the pickup at node i. Eq. (15) 
Solution algorithm
We propose a two-phase heuristic comprised of routes construction and routes improvement for the DVRP-RL. For real-time operations, an anytime algorithm is desired. In other words, the solution procedure must have the ability to stop at any time and provide an acceptable solution. A unified solution procedure for the DVRP-RL is shown in Figure 2 .
Fig. 2. Unified framework of solution procedure
The route construction and route improvement procedures are two major phases in the unified solution procedure. Between these two phases, we constantly check whether the following incidents happen. i. Departure time of earliest critical node has arrived. ii. New demand has appeared. iii. Time-dependent travel time has changed. iv. Disaster relief operation has ended.or on-call vehicles to the next demand site, reconstructing routes, improving the quality of the existing routes, and so forth, are repeatedly applied. Note that the computation time allowed for route construction and improvement is usually short due to the requirement of real-time response. It is necessary to adopt a fast solution algorithm for use. In our solution procedure, the insertion method is used for route construction, while the Or-opt node exchange algorithm is adopted for route improvement. For the VRPTW, the insertion method has been proven effective in constructing static routes (Solomon, 1987) . So we adopted the insertion method with modifications for the DVRP-RL in the phase of route construction, as follows.
Step 1 , split a large demand into several small parts for partial service. Go to
Step 3. After the routes are constructed, many existing route improvement methods can be applied, such as 2-opt and Or-opt, which may combine with other meta-heuristics. Due to the fact that insufficient supplies in relief logistics is very common, the demand at one node can be split into several parts and each part corresponds to a "virtual" node with a different deadline and a different level of emergency. In this way, partial delivery is possible so that the limited relief can be distributed to more demand sites to ease the impact of the disaster, though the demands are not fully satisfied.
Computational results
The test problem set used in Chen et al. (2005) is adopted with additional columns added to accommodate real-time delivery/pickup demands of each commodity and the levels of emergency. We only perform the test of problem numbered R103 for illustration. It is assumed that two kinds of commodities are considered for delivery/pickup. The predictive traffic condition is characterized by a step-wise travel time function, which is exactly the same as the one used in Chen et al. (2005) . During the disaster relief logistics, the number of unexpected road incidents/recoveries is set as four, at each of which a new travel time function will result. The whole vehicle capacity is set as 200 pallets for each vehicle, and the initial loads of a vehicle at the depot are 80% of the whole vehicle capacity. In other words, 80 pallets for each commodity are loaded when a vehicle is departing the depot. Other information associated with each node, including the severity of emergency, which is further divided into three levels denoted as A, B, and C, is summarized in Table 1 . Nodes in the class of "A" belong to the highest level of emergency and once its deadline is missed, the penalty is also the highest. 1  20  2  12  187  0  15  C  2  8  1  5  71  0  16  B  2  19  1  18  190  0  17  C  1  2  2  3  167  0  18  C  2  12  1  17  204  0  19  A  2  17  1  9  187  0  20  C  2  9  1  5  188  0  21  B  1  11  2  10  201  0  22  A  2  18  1  11  107  0  23  A  2  29  1  19  78  0  24  C  2  3  1  4  190  0  25  C  2  6  1  6  182  0  26  A  1  17  2  25  208  0  27  B  1  16  2  15  47  0  28  B  1  16  2  17  213  0  29  C  2  9  1  13  190  0  30  A  2  21  1  28  81  0  31  A  1  27  2  40  202  0  32  A  1  23  2  16  186  0  33  B  2  11  1  8  47  0  34  A  1  14  2  21  183  0  35  B  2  8  1  9  153  0  36  C  1  5  2  3  51  0  37  B  2  8  1  7  198 Table 1 . Delivery/pickup information at demand sites
In order to show the capability for partial delivery, we set the delivery demand at node 50 equal to 250 pallets, which is greater than the vehicle capacity of 200 pallets. It is obviously that only partial demand, preset as 50 pallets, can be satisfied by the first incoming vehicle. The unsatisfied delivery demand, say 200 pallets, will stand at the same node with the same deadline and wait for service during the solution process. If the unsatisfied delivery demand can still not be satisfied by the second incoming vehicle, the partial delivery will be performed again. This process will be repeated until the entire delivery demand at this node has been totally satisfied. The testing result shows that acceptable initial routes responding to the change of real time information were obtained in a very short time -less than one second for a problem with 100 nodes. The quality of the solution is further improved after the initial routes were obtained. This computational efficiency implies that the proposed model and associated algorithm are very suitable for real-time disaster relief logistics because of its quick response requirement. The testing result is shown in Table 2 , in which the number of vehicles is limited to 10. It shows that node 50 is serviced by three different vehicles -i.e., vehicles 1, 2, and 6 -and their respective delivery quantities are 50, 100, 100 pallets, implying that partial delivery is actually made. It is also found that 28 out of 100 nodes cannot be serviced by their deadlines; however, the routing schedule persists with late arrivals. In fact, late arrivals can be avoided To show the importance of real-time information, we created a benchmark solution that does not take into account the change of real-time travel times. In other words, the scheduled routes in the benchmark solution remain unchanged regardless of how the realtime travel times vary -that is, without considering real-time information. The number of nodes encountering late arrival is 39 in the benchmark solution as opposed to 28 nodes in the original test solution. In addition, the total penalty of late arrival obtained in the benchmark problem is about 1.9 times as high as that of the original test problem. It is also worth mentioning that some relief goods or rescue equipments at a demand site may be no longer desired and, therefore, can be picked up for use in the following nodes of the same route. For example, in Table 2 the total quantity of delivery for commodity 1 by vehicle 1 is 114 pallets, which is greater than its initial loads, 80 pallets, implying that at least some delivery demands are fulfilled by the pickup commodity from previous nodes of the same route.
www.intechopen.com 
Conclusion
In the operations of relief logistics in natural disasters, there are several features that are different from the traditional VRPTW, such as unexpected road damage and recovery, realtime information and response, partial delivery, re-allocation of resource, different level of emergency, and so on. The model and algorithm of DVRP-RL are proposed to meet these requirements and provide an efficient solution for relief logistics. Some contributions are summarized as follows: 1. Real-time information such as road incidents, road/bridge damage recoveries, or delivery/pickup requests can be considered from time to time to regenerate a better route schedule. 2. When a visited demand site needs further disaster relief, it will be regarded as a new demand and taken back to the unserviced node list. This situation is quite common in a disaster relief operation if the damage resulting from the natural disaster continues. 3. Delivery and pickup demands are considered simultaneously. In addition, the excess relief goods or rescue equipment picked up at one site can be reused in the following sites of the same route. In reality, the coordination and reallocation of relief resource between different demand sites is essential in disaster relief operations. 4. Partial or full delivery/pickup operations, which are critical in the disaster relief logistics, can be accommodated in the solution procedure. 5. Relative importance of a demand node for late arrival is reflected in the corresponding unit penalties due to missing the deadline. When late arrivals are inevitable, the service sequence among those nodes can be determined based on the magnitude of the corresponding unit penalties. 6. Without having to return to the depot, a vehicle can stay at the last node, waiting for the next order from the logistics coordination center, and hence, has more flexibility for disaster relief operations in natural disasters. This treatment is useful especially when the depot is distant from the disaster area. 7. Supply shortages were implicitly considered by setting the deadline and classifying all demand nodes into several levels of emergency.
